Electron interaction with nitromethane embedded in helium droplets: Attachment and ionization measurements J. Chem. Phys. 135, 174504 (2011) Geometry optimization of bimetallic clusters using an efficient heuristic method J. Chem. Phys. 135, 164109 (2011) Solvation effects on angular distributions in H(NH3)n and NH2(NH3)n photodetachment: Role of solute electronic structure J. Chem. Phys. 135, 164301 (2011) A fast variational Gaussian wavepacket method: Size-induced structural transitions in large neon clusters J. Chem. Phys. 135, 154106 (2011) Raman spectroscopy and microscopy based on mechanical force detection Appl. Phys. Lett. 99, 161103 (2011) Additional information on J. Chem. Phys. Equilibrium geometries and electronic properties of binary transition-metal clusters, ͑NbCo͒ n ͑n ഛ 5͒, have been investigated by means of the relativistic density-functional approach. The metal-metal bonding and stability aspects of these clusters have been analyzed on the basis of calculations. Present results show that these clusters exhibit rich structural varieties on the potential-energy surfaces. The most stable structures have a compact conformation in relatively high symmetry, in which the Nb atoms prefer to form an inner core and Co atoms are capped to the facets of the core. Such building features in clustering of the Nb/Co system are related to the order of bond strength: Nb-NbϾ Nb-CoϾ Co-Co. As the binary cluster size increases, the Nb-Co bond may become stronger than the Nb-Nb bond in the inner niobium core, which results in a remarkable increment of the Nb-Nb bond length. Amongst these binary transition-metal clusters, the singlet ͑NbCo͒ 4 in T d symmetry has a striking high stability due to the presence of the spherical aromaticity and electronic shell closure. The size dependence of the bond length and stability of the cluster has been explored.
I. INTRODUCTION
Transition-metal ͑TM͒ clusters as a type of unusual chemical entity have received considerable attention both experimentally and theoretically. [1] [2] [3] [4] While earlier investigations on TM clusters focused on monometallic clusters, binary TM alloy clusters and multicomponent metal clusters have become a subject of recent experimental and theoretical studies due to their potential applications in materials and catalysis. [5] [6] [7] [8] [9] The bimetallic Co/M ͑M = V,Al,Rh͒ systems, as a typical series of binary TM clusters, have been extensively studied by various experimental techniques and theoretical calculations. [10] [11] [12] [13] [14] [15] [16] Previous studies have revealed a notable effect of the inhomogeneity of bimetallic clusters on their physical and chemical properties. For example, Hoshino et al. studied ionization energies of cobalt-vanadium bimetallic clusters ͑Co n V m ͒ and their reactivity toward H 2 . 11 Their studies show that the local charge density and the geometric structure play an important role in determining chemisorption reactivity. Bulk 4d metals such as Rh are generally nonmagnetic, while the substitution of Rh by Co atoms gives rise to a significant increase of the local magnetic moment at the Rh neighbors. 14, 16 Recent studies on magnetism of the well-defined cobalt clusters embedded in a niobium matrix indicate that there is a "magnetically dead" Co/Nb alloy interface. 17, 18 Computational modeling suggests that the number of Nb atoms in the nearest neighbor of the Co atom is crucial for the formation of the magnetically dead layer. If the number is greater than 5, the Co magnetic moment basically vanishes. 19 Homonuclear niobium [20] [21] [22] and cobalt [23] [24] [25] clusters have been extensively studied. Generally, the niobium clusters have compact structures with low spin states due to strong metal-metal bonding interactions, while the cobalt clusters exist in high spin states with large magnetic moments. These transition-metal clusters in high symmetry usually suffer Jahn-Teller ͑JT͒ distortion. For example, Nb 3 in D 3h symmetry is instable and the JT effect arising from nearly isoenergetic a 1 Ј and eЉ orbitals results in a stable C 2v structure. 21 Similar JT distortions also exist in cobalt clusters. 24, 25 Co and Nb approximately complement each other in their valence electrons. At present, the cooperative effect in the Nb/Co system on their electronic and magnetic properties is still unclear. In our previous study, 26 a detailed comparison among Nb 4 , Co 4 , and ͑NbCo͒ 2 was carried out on the basis of nonrelativistic density-functional theory ͑DFT͒ calculations. Theoretical results indicate that the heterometallic cluster Nb 2 Co 2 has a complicated metal-metal bonding, which leads to a rich structural variety.
In the present study, we have carried out a systematic research of ͑NbCo͒ n ͑n ഛ 5͒ clusters by the relativistic density-functional approach. The structural and electronic properties of the clusters as well as their general trends as the cluster size increases have been discussed.
II. COMPUTATIONAL DETAILS
DFT calculations were performed for the various electronic states of these metal clusters with the Amsterdam density functional ͑ADF͒ package. 27 The molecular orbitals ͑MOs͒ were expanded in an uncontracted set of Slater-type orbitals ͑STOs͒ containing diffuse functions. The PerdewWang 91 ͑PW91͒ ͑Ref. 28͒ generalized gradient approximation of the exchange-correlation functional was used throughout in the calculation. In consideration of the relativistic effects of these transition metals, a combined scalar relativistic zero-order regular approximation 29, 30 ͑ZORA͒ has been taken into account and a frozen-core triple-basis set plus double polarization functions has been used for these cases. The inner shells of niobium and cobalt atoms are kept frozen up to 3d and 2p orbitals, respectively. Analytical frequency calculations were performed for all stationary points located on the potential-energy surfaces ͑PESs͒ to assess the nature of an optimized structure. In determination of the most stable structures of mixed clusters, various initial geometries with different spin states in possible symmetries are considered.
To validate the reliability of the present calculation, related dimers Nb 2 , Co 2 , and NbCo have been calculated as a test. Table I presents equilibrium bond lengths, vibrational frequencies, and dissociation energies of such dimers. The present PW91 results of Nb 2 in Table I show a good agreement with previous experimental [31] [32] [33] and theoretical 34, 35 values. For Co 2 , the PW91 bond length agrees with the reported theoretical results, 25, 36 and its dissociation energy of 1.82 eV may match the experimental value of 1.69± 0.26 eV. 37 In the case of NbCo, the present dissociation energy is 3.08 eV, slightly higher than the experimental value of 2.729± 0.001 eV.
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III. RESULTS AND DISCUSSION
The optimized structures and relative energies of the binary clusters ͑NbCo͒ n ͑2 ഛ n ഛ 5͒ at various spin states are displayed in Figs. 1-4 , where the dark circle and empty A. Structures
"NbCo… 2
The equilibrium geometries and relative energies of ͑NbCo͒ 2 isomers are displayed in Fig. 1 . As Fig. 1 shows, the three-dimensional ͑3D͒ structure is slightly more stable than the planar and linear forms. Our previous DFT calculations 26 at the nonrelativistic level of theory found the most stable isomer to have a tetrahedral structure. Present scalar relativistic treatments predict that the tetrahedral isomers ͑S = 2 and 3͒ have strong Nb-Nb bonds and weak Co-Co bonds and they are slightly less stable than open butterfly-shaped structures ͑S = 0 and 1͒, in which the most stable species ͑1͒ with a dihedral angle of 138.5°has a closed-shell electronic structure. Since the butterfly-shaped 1 in the 1 A 1 state and the tetrahedral 2 in the 5 A 1 state have a small energy splitting of 0.02 eV, they are considered as isoenergetic isomers. The planar isomers ͑3-6͒ with various electronic spin states ͑S = 1-4͒ are higher in energy than the most stable structure 1 by about 0.16-2.13 eV. The binary metallic chain 7 is the highest one in energy amongst the stable isomers of ͑NbCo͒ 2 in Fig. 1 due to the inclusion of less metal-metal bonds.
"NbCo… 3
For the ͑NbCo͒ 3 cluster, only 3D structures are found to be stable though the one-, two-, and three-dimensional initial structures have been considered in optimization. Figure 2 displays the stable structures. The most stable isomer 8 has a staggered trigonal prism in C 3v symmetry. Its singly highest occupied orbitals are ͑a 2 ͒ 1 ͑e͒ 2 ͑a 1 ͒ 1 . The a 2 orbital arises purely from 3d orbitals of the Co atoms, whereas a 1 and degenerate e orbitals have an obvious character of bonding molecular orbitals from Nb and Co. In this species, the net spin populations at Co and Nb are 1.38 and Ϫ0.05, respectively, indicating that most of the electrons of Nb are coupled for the metal-metal bonding. Bond lengths of Nb-Nb, CoNb, and Co-Co bonds are 2.56, 2.36, and 2.34 Å, respectively, and their corresponding Mulliken bonding populations are 0.76, 0.55, and 0.32. The Nb-Nb bond is thus the strongest and the next one is the Nb-Co bond. This is consistent with the dissociation energies of dimers in Table I . A similar structure in singlet state ͑ 1 AЈ͒ is higher in energy than 8 by 0.34 eV.
The next stable isomer is a distorted octahedron 9 in the 3 B 2 state, which is slightly less stable than 8 by 0.06 eV. Distortion of 9 by shortening the Co-Co bonds and expanding the center Nb-Nb bond leads to an octahedral isomer 10, which is 0.32 eV above 8. Other three isomers ͑11-13͒ with low or without symmetry were found to be less stable than 8 by 0.37-0.98 eV.
"NbCo… 4
Optimized geometries of the ͑NbCo͒ 4 cluster have been displayed in Fig. 3 . The lowest-energy species 14 has a structure in T d symmetry, in which Nb 4 forms a tetrahedral core and Co atoms are capped to the triangular facets of the Nb 4 core. Predicted Nb-Nb and Nb-Co bond distances in 14 are 2.84 and 2.32 Å, respectively. The structure 14 in a closedshell 1 A 1 state is much more stable than other tautomers. Such high stability of 14 in the 1 A 1 state can be ascribed into the metalic aromaticity ͑vide infra͒. Other higher spin states ͑S = 1-5͒ with the same geometry as 14 are found to be stable by the PW91 calculation, but they are slightly higher in energy than the singlet state. 
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The stability of the capped tetrahedron is sensitive to the arrangement of niobium and cobalt atoms in ͑NbCo͒ 4 . For instance, transpositions of Nb and Co in 14 result in isomers 15 and 16, which are less stable than 14 by 1.68 and 2.58 eV. Such instability of 15 and 16 arises from the decrease of strong Nb-Nb bonds and increase of weak Co-Co bonds. A monocapped pentagonal bipyramid structure 17 is 0.78 eV above the lowest-energy species 14. In 17, five Nb-Nb bonds can be envisaged. For comparison, optimized structures of stable isomers 18-24 of ͑NbCo͒ 4 are displayed in Fig. 3 . As TABLE II. Energy gaps of HOMO and LUMO ͑E H-L in eV͒, binding energy per atom ͑E b in eV͒, average Mulliken charges ͑Q ͒, average atom spin densities ͑͒, and average bond lengths ͑R in Å͒ of the low-lying states ͑NbCo͒ n ͑2 ഛ n ഛ 5͒. The corresponding Mullicken overlap populations ͑MOPs͒ are displayed in parentheses. Fig. 3 shows, the stability of the binary ͑NbCo͒ 4 cluster strongly depends on the atomic arrangement. The more Nb-Nb bonds in the Nb/Co cluster, the more stable the structure.
"NbCo… 5
The ͑NbCo͒ 5 cluster has quite rich structural varieties. Figure 4 displays the optimized structures of its possible stable isomers with different symmetries and spin states. At the relativistic DFT level, a capped octahedral structure 25 in C 4v symmetry ͑S =3͒ was found to be the ground state of the ͑NbCo͒ 5 cluster. In the lowest-energy isomer, five niobium atoms form a tetragonal pyramid core Nb 5 and five cobalt atoms were bound to its five facets. Nb-Nb separations in 25 vary from 2.83 to 2.98 Å and Nb-Co bond lengths are in the range from 2.28 to 2.55 Å. Calculations reveal that the spin states of S = 1 and 2 with the same structure as 25 are slightly higher in energy than the most stable septet state ͑25͒ by less than 0.16 eV. The next stable species 26 is 0.57 eV above 25, in which five cobalt atoms are in the same side of the Nb 5 core. PW91 optimized structures of other metastable isomers 27-45 are displayed in Fig. 4 . Like the ͑NbCo͒ 4 cluster, the more the short Nb-Nb bonds, the more stable the structure.
In general, the ͑NbCo͒ n ͑2 ഛ n ഛ 5͒ clusters prefer a 3D structure, although linear and planar conformations are local minima on the potential-energy surfaces. Similar to the molecular skeleton of boranes, 40 clusters with high stability have compact structures with more strong metal-metal bonds. In the most stable tautomers, Nb atoms form a core with high symmetry and Co atoms are capped to the facets of the Nb n core. Such building feature in clustering of the Nb/Co system is related to the relative strength of the metalmetal bond: Nb-NbϾ Nb-CoϾ Co-Co. The presence of a symmetric core results in the most stable structures to have high symmetries such as C 3v for ͑NbCo͒ 3 , T d for ͑NbCo͒ 4 , and C 4v for ͑NbCo͒ 5 . 
B. Bond properties
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Binary transition-metal clusters of NbCo J. Chem. Phys. 123, 064315 ͑2005͒ bonds, because the niobium atom radius ͑1.63 Å͒ is larger than that of cobalt ͑1.25 Å͒. In the clusters ͑NbCo͒ n , the inner core of the clusters has long metal-metal bonds due to the traction of the outer atoms; while the inner-outer shell separations are small to maintain minimal surface energy. The lowest-energy structure 14 of ͑NbCo͒ 4 is quite an interesting cluster for its unique high stability and symmetry. Previous studies 35, 41 point out that the ground state of Nb 4 is a regular tetrahedron in T d symmetry, and its ten bonding orbitals are full occupied by valence electrons. Our previous computational analyses indicate that these ten orbitals are divided into two types according to their bonding characters. Orbitals a 1 + e + t 2 constitute the tetrahedral skeleton, and other bonding orbitals a 1 + t 2 locate in trigonal facets. 42 To match these orbitals of the Nb 4 core, four capped Co atoms also keep T d symmetry. A linear combination of valence orbitals of Nb 4 and four Co atoms gives rise to a complex orbital pattern in 14, as shown in Fig. 5 . The lowest-energy state ͑14͒ has an electron configuration:
All occupied valence orbitals, except 3a 1 , 4t 2 , and 2t 1 , have a character of strong Nb-Co bonding and they are bonding molecular orbitals ͑BMOs͒. The 3a 1 comes from the antisymmetric overlap of 1a 1 ͑Nb 4 ͒ and 1a 1 ͑4Co͒. The orbitals 4t 2 and 2t 1 are the nonbonding molecular orbitals ͑NBMOs͒ contributed by Co atoms. The closed-shell structure composed of BMOs in 14 accounts for its high stability. Note that the Co-Co separation in the lowest-energy structure 14 is 3.63 Å and there are no virtual Co-Co bonding interactions. Furthermore, we calculated its nucleus-independent chemical shift 43 ͑NICS͒ by the GIAO-PW91/Lan12DZ method [44] [45] [46] [47] implemented by the GAUSSIAN98 package. 48 The value of the NICS at the central position of the lowest-energy structure 14 is Ϫ97.13 ppm, which indicates that 14 has spherical aromaticity similar to other aromatic deltahedral clusters 49, 50 ͑the negative NICS value, aromaticity; the positive NICS value, antiarommaticity 47 ͒. The aromaticity, i.e., electron delocalization, will stabilize the cluster. We extended such calculations to a capped octahedral anion Nb 6 Co 4 2− whose geometry is analogous to isomer 28 and four Co atoms are capped on the octahedral core Nb 6 ͑R Nb-Nb = 2.76 Å and R Nb-Co = 2.41 Å͒. Like 14, Nb 6 
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Wang et al. J. Chem. Phys. 123, 064315 ͑2005͒ t 1 , and six t 2 orbitals͒ and such electronic shell closure will stabilize the cluster anion. The predicted NICS at the central position is 18.19 ppm, indicating that this cluster has an antiaromaticity and its valence electrons are less delocalized than 14.
The size dependence of the bond lengths and MOPs for Nb-Nb and Nb-Co bonds are depicted in Fig. 6 . As Fig. 6 displays that the Nb-Nb bond length has a sharp increase ͑from 2.26 to 2.90 Å͒ as the cluster increases from n = 2 to 4, but this change starts to become smoothly from n ജ 4. On the contrary, the Nb-Co bond maintains in the range of 2.2-2.4 Å when n ജ 2. The corresponding MOP changes of Nb-Nb and Nb-Co bonds have a similar tendency, and the former decreases strikingly as the size of the cluster increases and the latter keeps about 0.5 as n ജ 2. As the MOPs show in Fig.  6 and Table II, the Nb-Co bond may become stronger than the Nb-Nb bond as the size of the binary cluster increases.
Mulliken charges in Table II show that the charge transfer from Nb to Co in the binary clusters is universal, i.e., in the metal-metal bonding between Nb and Co atoms, Nb behaves as a donor while Co behaves as an acceptor. This can be ascribed to relatively higher electronegativity of Co than that of Nb. 51 Besides niobium-cobalt bimetallic clusters, other binary clusters composed of early-and late-transition metals, such as Ti-Ni, have similar bonding features.
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C. Binding energy
For comparison of the relative stabilities of the ͑NbCo͒ n clusters, the average binding energy per atom was calculated. The binding energy E b ͑n͒ was defined as Table II presents the binding energies per atom for selected low-energy isomers. Note that the binding energies are densely distributed within a narrow range from 3.6 to 4.0 eV when n ജ 3. As Fig. 7 displays, the binding energy notably increases as the cluster size increases up to n =4, then it maintains at about 3.9 eV. Due to the presence of a large portion of surface atoms, the binding energy is smaller than that of the bulk alloy ͓in bulk, E b exp ͑Nb͒ = 8.0 eV and E b exp ͑Co͒ = 4.55 eV ͑Ref. 53͔͒. As Table II shows, a large highest occupied molecular orbital-lowest unoccupied molecular orbital ͑HOMO-LUMO͒ gap corresponds to a large binding energy for different isomers of the same cluster. However, with the increase of the cluster size the gap goes up first and then decreases, as shown in Fig. 8 . A significant reduction of the energy gap appears in ͑NbCo͒ 5 due to the involvement of more metal atoms in the metal-metal bonding.
D. Magnetic properties
It is now well characterized that, both experimentally [17] [18] [19] and theoretically, 5,16 the magnetic moment and magnetic anisotropy energy per atom are enhanced in small metallic clusters in comparison with the bulk metal. Previous studies have demonstrated that small Co n clusters exhibit high magnetic moments of Ϸ 2.5 B / at., 54 whereas Nb n clusters are nonmagnetic. Fig. 9 , where the numberings are used to distinguish the atoms with different magnetic moments.
As Fig. 9 shows, with the increase of Co atoms coordinated to Nb, the magnetic moment of Nb increases. For example, the Nb atom with the numbering 1 in 25 has a large magnetic moment of 1.13 B . On the contrary, the magnetic moments of Co atoms notably reduce with coordination of Nb to Co. When there are enough Nb atoms around the magnetic Co, the magnetic moment of cobalt disappears. This is in good agreement with the experiment. 19 The overall average magnetic moments per atom will decrease gradually with increase of the cluster size. The results of clusters 14-16 in Fig. 9 indicate that the magnitude of the atomic magnetic moment depends on the cluster structure as well as on the atomic arrangement. Furthermore, we notice that antiferromagnetic coupling pairs of Nb atoms exhibit in clusters 15 and 16. Such antiferromagnetic coupling is common for metals with roughly half-filled d band such as manganese clusters.
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E. Vibrational spectra
Vibrational spectra could be structure probe because they are in general sensitive to the atomic configurations. We performed vibrational frequency calculations for all optimized structures. Figure 10 presents the calculated IR spectra of the lowest-energy structures. In particular, vibrational frequencies of ͑NbCo͒ 2 in the ground state ͑1͒ range from 69 to 381 cm −1 . The highest peak corresponds to the bending mode of Nb-Co bonds in B 2 symmetry. For ͑NbCo͒ 3 ͑8͒, vibrational frequencies vary from 122 to 342 cm −1 . The strongest absorption occurs at 259 cm −1 , which corresponds to a stretching mode of the Co/Nb layer. The ͑NbCo͒ 4 cluster has a ground state 1 A 1 in T d symmetry and the strongest band occurs at 145 cm −1 , which has T 2 symmetry. For the ͑NbCo͒ 5 cluster ͑25͒, it has more complex vibrational modes, and most of them involve coupled vibrational modes of the core and capped atoms. Vibrational frequencies range from 52 to 312 cm −1 , in which the strongest IR band lies at 129 cm −1 . Such predicted vibrational frequencies may be used for further exploration of these metal clusters in combination with spectroscopic experiments. 
IV. CONCLUSIONS
Stable isomers of binary TM clusters ͑NbCo͒ n ͑n ഛ 5͒ have been investigated by a relativistic density-functional approach with the generalized gradient approximation available in the Amsterdam density functional program. The structures and stabilities of such clusters have been discussed on the basis of their binding energies and electronic structures. Metal-metal bonding interactions, magnetic properties, and vibrational spectra also have been analyzed in detail. Based on the present calculations, the following conclusions have been inferred:
͑i͒
Optimized geometries and energetics suggest that the binary Nb/Co clusters have a rich structural variety on the PES. The most stable clusters prefer to be a 3D compact structure with more strong metal-metal bonds. In the Nb/Co system, the strength of the metalmetal bond for small clusters follows the order: Nb-NbϾ Nb-CoϾ Co-Co, whereas the Nb-Co bond may become stronger than the Nb-Nb bond with an increase of the size of the binary cluster. ͑ii͒
The ground states of ͑CoNb͒ n clusters have a core composed of Nb atoms, and the symmetric Nb n core results in the lowest-energy structure to have high symmetry for the ͑CoNb͒ n clusters. ͑iii͒ Intermetallic bond significantly changes the electronic structure of individual atoms. The charge transfer from Nb to Co is universal in these binary clusters, which leads to negatively charged cobalt atoms and positively charged niobium atoms. ͑iv͒ The presence of magnetic Co atoms around Nb increases the local magnetic moments of Nb while coordination of Nb atoms to Co may quench the magnetism of Co.
FIG. 10. Predicated vibrational spectra of ͑NbCo͒ n ͑2 ഛ n ഛ 5͒ in their ground states. The small arrows on the base line indicate the peak positions of vibrational frequencies.
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